Background
Sexually transmitted diseases (STDs), including AIDS, are global public health problems. In the United States alone, the Centers for Disease Control and Prevention (CDC) estimates that there are 19 million Americans infected each year by an STD pathogen. 1 In addition, the number of HIV-infected people currently exceeds 30 million worldwide. 2 Prevention strategies are important, including topical microbicides that can be used before or shortly after intercourse for prevention of STDs. 3, 4 There are promising candidates, such as tenofovir gel; however, there have been variable findings in protection from HIV acquisition in two separate studies using this gel vaginally (VOICE, CAPRISA), with reasons for this disparity not completely clear. It is well-known that there is an association between Nonoxynol-9 (N-9), a commonly used contraceptive spermicide, with induced vaginal lesions and increased HIV incidence. This demonstrates the complexity of developing safe and effective vaginally applied microbicides 5 and underscores the importance of improving prescreening techniques and assays to determine microbicide safety profiles. 6, 7 To address the lack of reliable and sensitive methods to assess vaginal safety, we have applied high-resolution imaging methods and shown that they have increased sensitivity compared with standard white light (colposcopy) imaging in humans, sheep, and macaques, with the added benefit of noninvasive evaluation as compared to tissue biopsy. [8] [9] [10] Optical coherence tomography (OCT) is a technique well suited for examination of superficial mucosal layers and close underlying stromal structures of tissues such as the vagina, cervix, and rectal epithelium, [11] [12] [13] all of which may be exposed to microbicide products. Although we have previously shown that optical imaging can be used to detect microbicide-induced changes in these tissues, including thinning and disruption of the epithelial layer, the correlation of these image-based parameters to biological endpoints, such as susceptibility to pathogens and vaginal infection, has not been demonstrated.
Our previous work demonstrated that mice have increased susceptibility to intravaginal herpes simplex virus-2 (HSV-2) challenge within 16 h post-treatment with 0.2 and 2%, but not 0.02% benzalkonium chloride (BZK).
14 In addition, our group has previously utilized colposcopy and high-resolution methods in the mouse model. 14, 15 The changes were induced by a single application of BZK 14 or multiple applications of N-9 15 that were not readily apparent by colposcopic imaging. Thus noninvasive imaging techniques such as OCT, which can assess in-depth tissue integrity and morphology without invasive biopsy, would be a valuable asset to safety studies in both preclinical animal models and human clinical studies.
In this study, our objective was to determine the utility of OCT to detect structural and morphological changes induced in tissue following topical applications of vaginal agents. A secondary objective was to compare OCT findings to the biological endpoint of HSV-2 susceptibility. The mouse HSV-2 model is a well-documented in vivo model used extensively to assess microbicide toxicity and effects on pathogen susceptibility. 16 The current study incorporates the high resolution imaging method of OCT to assess vaginal changes in a mouse model after treatment with BZK, a microbicide known to cause epithelial disruption in sheep, 9 pigs, 17 and increased susceptibility to HSV-2 in mice. 18 
Materials and Methods

Animal Model and Microbicide Treatments
The UTMB Institutional Animal Care and Use Committee approved all animal studies conforming to PHS Policy on Humane Care and Use of Laboratory Animals (OLAW) guidelines. Female Swiss-Webster mice (n ¼ 167) of 6 to 10 weeks of age (Harlen Spraque-Dawley, Houston, TX) were housed in an animal vivarium and allowed to acclimate for at least one week prior to enrollment in experimental procedures. Animals were housed five to a cage with a light/dark cycle of 12∕12 with food and water ad libitum. A total of 47 mice were used for OCT imaging, and 120 mice were used for genital herpes susceptibility testing. No mice were lost during experimental procedures, and thus no data points or measurements were excluded.
Medroxyprogesterone Acetate (Depo-provera™, Upjohn, Kalamazoo, MI) is a long-acting progestin hormone that temporarily stops the natural, four-to five-day mouse estrous cycle, and thins the vaginal epithelium to only two to four cell layers in thickness. 16 Progestin-treated mice have increased susceptibility to infection with intravaginally administered STD pathogens, such as HSV-2 and Chlamydia trachomatis. 16, 19 Three nonhormone-treated mice were examined to evaluate imaging and histological differences between naturally cycling and progestin-thinned cervicovaginal epithelial tissues. All other mice enrolled in the study were subcutaneously injected with 2 mg∕0.1 ml of Depo-provera™ seven days prior to commencement of experiments. 16, 18, 20 One day prior to imaging, the vaginal tracts were swabbed using a wet alginate cottontipped swab to ensure that the tract was open and free of a mucous plug. Animals were randomly selected and given a single application of 25 μl of microbicide or control solution by intravaginal administration using a positive displacement pipette (Gilson Microman, Fisher Scientific, Pittsburgh, PA). Sixteen hours post-microbicide treatment the animals underwent OCT imaging by a technician masked to treatment. Animals were anesthetized with sodium pentobarbital (50 mg∕kg) and placed in a supine position for OCT imaging. The vaginal tract was flushed with 1.5 ml phosphate buffered saline (PBS) using a 3-French (1 mm) silicone catheter (Solocath™, Harvard Apparatus, Holliston, MA) attached to a 3 cc syringe.
The microbicides evaluated were three aqueous concentrations of BZK (0.02, 0.2, or 2%) in 0.9% PBS. The PBS vehicle alone was used as a control solution. PBS, 0.02, 0.2, and 2% BZK groups contained 14, 12, 9, and 12 animals, respectively.
OCT Instrumentation
OCT imaging was performed as previously described 8, 9 using a NIRIS OCT system (Imalux Corp., Cleveland, OH). The NIRIS OCT system (Imalux Corp., Cleveland, OH) is a time-domain based imaging device that acquires single B-scan imaging data via a proprietary endoscopic fiber optic probe. The system operates at a center wavelength of 1310 AE 15 nm and spectral bandwidth of 55 to 60 nm. The imaging system, used in conjunction with the probe, provides an axial (i.e., in-depth) and lateral spatial resolution (in air) of 10 to 20 μm and 25 to 35 μm, respectively. The endoscopic probe assembly is a "forward-viewing" (a.k.a. "forward-looking") OCT probe. The "forward-viewing" probe design provides images that are two-dimensional (2-D) B-scans representing cross-sections of the tissue in depth. Each B-scan acquisition required approximately 1.5 to 2 s to collect. More specifications and details, including photographs, of an endoscopic imaging probe similar to the one utilized in this study have been previously reported. 21 
In Vivo OCT Imaging
For in vivo imaging of mice, the NIRIS system probe tip was gently introduced into the vaginal introitus was angled slightly to make contact with the vaginal wall while images were acquired. To ensure probe contact with the vaginal wall, mild pressure was applied externally to the midabdominal area of the animal by using an index finger. Five images were collected from each of the right, left, and posterior vaginal walls for a total of 15 images per animal. After imaging was completed, the animal was euthanized, and the vaginal tract was excised and placed in 10% neutral-buffered formalin fixative and submitted for routine histopathology processing.
OCT Image Scoring for Assessment of Vaginal Epithelial Integrity
An experienced OCT grader masked to treatment group evaluated all OCT images. For scoring, the images were displayed and viewed on a computer monitor using Presto 32 software (Optimec Ltd/BioMedTech LLC, Nizhny Novgorod, Russia) using an established quantitative grading system. 8, 9 The scoring system included three categories to assess the integrity of the cervicovaginal epithelium. Higher category scores indicated a greater degree of epithelial injury. Specifically, category 1 images had distinguishable, normal intact morphology that revealed a bi-layer structure of the epithelial and stromal layers. Category 2 images had mild to moderate abnormality with some epithelial/stromal layer structure visible and some areas of denuded epithelium or loss of architecture. Category 3 images had little structural morphology with no clear, distinct epithelial layer. Each image was graded as a category 1, 2, or 3 and all imaging sites (right, left, and posterior vagina) were averaged to provide a mean OCT score for the cervicovaginal tract of each animal.
In Vivo OCT Epithelial and Stromal Thickness Measurements
OCT images of the mouse cervicovaginal tract showed distinct layers within the vaginal wall, including the epithelial and stromal layers. Optical scattering property differences among epithelial and stromal tissues provide discrete transition sites for delineating tissue layer. Epithelial and stromal thickness was measured with a calibrated measuring tool in the Presto software program. Each vaginal OCT B-scan was measured at three randomly selected locations across the scan width to obtain mean epithelial and stromal thickness for that image.
Histology Epithelial and Stromal Thickness Measurements
Paraffin-embedded histology samples were cut longitudinally to the vaginal lumen to reveal both vaginal lumen and wall for morphological analysis. Several sections from each tissue sample were stained with Hematoxylin and Eosin (H&E). All slides were screened by light microscopy in order to find a section that was midway through the cervicovaginal tract. Microphotographs of the vaginal epithelium were collected using a color digital camera (Spot RT Slider, Diagnostic Instruments, Sterling Heights, MI) at a magnification of 200×. A calibrated measuring tool within the software program (Spot Advanced software, Diagnostic Instruments, Sterling Heights, MI) was used to measure epithelial and vaginal wall thickness at ten sites on each microhistograph.
Genital Herpes Susceptibility Testing
HSV-2 susceptibility studies have been previously described. 22 Briefly, four groups of mice (n ¼ 15) were administered 2.0, 0.2, and 0.02% BZK solution or PBS and 16 h later were challenged with ∼1 infectious dose 50 (ID 50 ) of HSV-2. Animals were evaluated for infection and for the development of genital herpes disease. The study was conducted in duplicate, which provided a total number of 30 mice for each BZK and PBS treatment group.
Statistical Methods
The 
Results
3.1
In Vivo OCT Imaging Figure 1 shows representative OCT images from the vagina of a naturally cycling (without progestin pretreatment) and a progestin-treated mouse. OCT images of the vaginal wall revealed a bilayer structure that was verified by histology. Adipose, connective, and colorectal (not shown) tissue could also be observed beyond the vaginal serosa. The microscopic difference in tissue and cellular composition and abrupt transitions between the epithelium, stroma, and adipose layers makes delineation of these layers possible with OCT. In natural-cycling mice, the epithelial layer appears as a slightly darker band relative to the brighter stromal layers (see Fig. 1 ). This exhibits increased light scatter attributed to structural proteins, such as collagen, elastin, and muscle fibers. As seen in Fig. 2(a) and 2(b) , the animals treated with PBS and 0.02% BZK show little or no visible morphological abnormalities by OCT. However, in Fig. 2(c) and 2(g ), after treatment with 0.2% BZK, there was thinned epithelium visible in both the OCT and histology images. Figure 2(d) and 2(h) show the vaginal epithelium as fully disrupted after treatment with 2% BZK. In addition, the characteristic, normal bilayer morphology was absent, and the stroma was altered with respect to scattering intensity.
OCT Image Scoring
The OCT data set for the BZK treated animals included 15 images per mouse, with five images obtained at each of three different sites within the vagina (right, left, and posterior walls). Figure 3 shows the results of the grading assessment as the least squares mean scores with confidence intervals. The scores indicate an increase in abnormal tissue morphology quantified by increasing scores, associated with increasing BZK concentration. The scores for both 0.2% (p ¼ 0.04) and 2.0% (p < 0.0001) BZK groups were significantly higher than the PBS control group, signifying tissue injury. In contrast, the 0.02% BZK treated group was not significantly different than the PBS controls (p ¼ 0.31).
OCT and Histology Thickness Measurements
Measurements of vaginal epithelium and stromal layer thickness were made from OCT and histology images. As shown in Fig. 1(a) , under in vivo conditions, OCT allowed for resolving the epithelial and stromal layers in normal, naturally cycling mice. Figure 4 shows a comparison of the epithelial and stromal thicknesses obtained from OCT and histology images. Both OCT (p < 0.0001) and histology (p < 0.0001) detected significant differences in treatment groups 16 h after treatment with BZK as compared with PBS. Histology was found to be more sensitive than OCT at detecting small changes (sometimes on the order of a single cell layer or ∼12 μm) to epithelial thickness in response to BZK treatment.
In mice treated with 2% BZK, OCT detected a significant decrease (p ¼ 0.0001) in epithelial thickness relative to PBS treated animals. The decrease was also apparent on histology (p < 0.003). OCT did not detect significant differences in epithelial thickness in the 0.02% BZK (p ¼ 0.83) or 0.2% BZK (p ¼ 0.48) treatment groups compared to the PBS control group. In contrast, epithelial thickness measured from histology microphotographs revealed significant differences in 0.02% and 0.2% BZK treatment groups compared to the PBS control group (p < 0.03).
In PBS treated animals, the mean epithelial thickness obtained by OCT (34.3 AE 3.2 μm) and histology (36.4AE 1.9 μm) was not significantly different. However, this observation was not present in the BZK-treated groups. The means for epithelial thickness obtained from in vivo OCT images were significantly thicker (p < 0.001) than those obtained using histopathologic technique performed on fixed tissue samples for all animals treated with BZK. One potential factor in this difference was loss of the superficial layer of epithelium during histological processing as evidenced by the presence of debris in the lumen [ Fig. 2 (f) and 2(g)]. Furthermore, it should be recognized that the resolution of the current system is marginally acceptable for the analysis reported in the current work due to the baseline-thinned epithelium in these progestin-treated mice.
Stromal thickness was similar in all treatment groups except after treatment with 2% BZK, in which the stromal layer was thickened as measured by both OCT and histology when compared to the PBS treated group [ Fig. 4(b) and 4(d) ]. For all treatment groups, the mean stromal thickness obtained from OCT images was consistently thinner (range 30 to 40 μm) than those obtained from histology photomicrographs, a finding likely due to tissue compression of this highly vascular and compressible layer.
HSV-2 Susceptibility
The results of the susceptibility testing have been previously reported and are reprinted with permission here. 14 Mice treated with 0.2 or 2.0% BZK had increased susceptibility to HSV-2 challenge when compared with PBS-treated mice. Furthermore, there were no statistically significant differences between the group treated with 0.02% BZK and PBS control mice, see 
Discussion
In this study, we demonstrated the ability of OCT to visualize drug-induced changes in structural features of the vaginal epithelium and underlying stroma in a small animal model, which cannot be visualized using conventional white-light imaging techniques such as colposcopy. These studies demonstrate the utility of OCT for assessment of drug-induced vaginal epithelial integrity. In vivo findings of this nature have not been previously reported in mice. Because of increasing published studies relating pathogen transmission with epithelial integrity, the ability to accurately assess these parameters is important for screening the potential toxicity of vaginal microbicides designed for STD prevention.
Assessment of epithelial integrity provides information about the effectiveness of the natural protective barrier of the vagina, in which vaginal epithelial thickness plays a leading role. Disruption or thinning of the epithelium compromises this protective barrier leading to enhanced susceptibility to infectious agents such as HIV, HSV-2, or human papillomavirus (HPV). Since susceptibility studies require large numbers of mice, an image-based screening tool could help direct drug development. Thus, OCT characterization of tissue injury in a limited number of small animals may yield a useful image-based metric to initially evaluate the risk of microbicide-induced increased susceptibility prior to conducting safety studies in large animal models and human.
Epithelial layer integrity was determined based on a previously reported and validated OCT visual grading system [8] [9] [10] 23 with higher scores indicative of epithelial disruption. The 0.2 and 2.0% BZK-treated mice had increased scores when compared with PBS-treated mice. These findings are consistent with the observed increased susceptibility to HSV-2 infection endpoints. These results confirm the ability of the scoring system to detect drug-induced changes in the epithelial integrity in small animal models, findings that were consistent with the dose response to an HSV-2 challenge after treatment with BZK.
The current study utilized a range of BZK concentrations to establish the detection limits of the OCT system in an animal model with hormonally thinned epithelium. The progestintreated mouse vaginal tract is thin (25 to 40 μm) relative to those of nonprogestin-treated mice (up to 100 μm) and humans (250 to 320 μm) 24 and large animal models, such as the macaque (192 to 248 μm) 8 or sheep (60 to 90 μm). 9 After progestin treatment, the mouse vaginal epithelium is two to four cell layers thick (25 to 40 μm) and consists of a single superficial layer of columnar cells overlying a few stratified squamous-type epithelial cells. 19 OCT imaging allowed visualization of the thin epithelial layer in progestin-treated animals. Using the currently commercially available OCT endoscopic system, it was not possible to differentiate the columnar layer from the underlying squamous cell layer in these animals because the cell layer thickness is comparable with the resolution of the system (∼15 μm). This observation has been made previously for an OCT system similar to the NIRIS system. 25 Our evaluation of epithelial layer thickness in vivo using OCT was similar to that obtained using histology in the progestin-thinned PBS treated animals. A mean epithelial thickness of about ∼35 μm was observed in both OCT images and histology samples. However, in the BZK treated mice, the epithelial layer is thinned as shown in histology measurements, reaching thicknesses comparable or less than the axial resolution of the current OCT system.
OCT measurements of the stromal layer in the vaginal wall differed from the values obtained by histology by approximately 30 to 40 μm. This is likely attributed to compression of the vascular stromal layer by contact with the OCT probe. 8, 9 The pressure induced by the application of a contact probe can compress tissue, 25 and therefore layer thickness interpretations can be affected. However, there are also benefits to application of probe pressure, including enhancement of delineation of colorectal mucosa from underlying stromal tissue 25, 26 and epidermis from dermis in the skin. 27 The influence of pressure from the use of a contact probe can be beneficial for outlining structures, such as for monitoring the morphology of the epithelial layer as quantified by the scoring system. Conversely, pressure can be a limitation in measurement of highly compressible tissue layers, such as that in the stroma of the vagina or the mucosa of the intestine. Despite the effect of compression in the current study, the discrepancy observed between OCT and histology stromal measurements remained consistent throughout all treatment groups.
In previous studies, we have shown that OCT can delineate vaginal epithelium from stromal tissue in nonhuman primate and ovine animal models as well as in women, detecting changes in epithelial thickness as a result of Nonoxynol-9 (N-9) and BZK treatments. 8, 10, 15 However, women and the larger animal models have thicker vaginal epithelial layers than the progestin-treated mice. Recent developments in OCT technology could improve the ability to visualize the mouse epithelium as newer systems are capable of providing axial, in-depth resolutions approaching a few microns, 28 substantially better resolution (5 to 7×) than that employed in this study with the NIRIS system. Unfortunately, at this time, OCT systems commercially available for soft tissue imaging typically have specific configurations (i.e., time-domain versus spectral-domain) and/or data acquisition interfaces (i.e., data collection probes/ optics) that are designed for use in specific clinical disciplines (i.e., ophthalmology, cardiovascular, OB/GYN, and GI) in humans. To further improve on the initial work performed in this study, a better probe designed specifically for use in the mouse cervicovaginal compartment would be ideal for future studies. Specially designed probes previously reported with rotational and lateral viewing capabilities that are ∼1 to 2.5 mm (∅) in size would be well suited for use in mice; however, they are not commercially available.
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Conclusion
Noninvasive, high-resolution imaging modalities, such as OCT, used in small animal models have the potential to screen candidate microbicides prior to initiating larger, more expensive, nonhuman primate and human studies. OCT provides unique information that cannot be obtained with any other in vivo imaging modality. Use of this imaging modality in the murine HSV-2 pathogen model enables direct comparisons between in vivo imaging findings (OCT scoring system) and a wellestablished screening model of STD pathogen susceptibility. Comprehensive in vitro and in vivo testing methods are now warranted for candidate microbicide development programs and OCT shows promise in playing a future role in the screening process for determining microbicide safety.
